In this paper, a new topology that is a symmetric five bar profile for displacement amplification is proposed, and a compliant mechanical amplifier (CMA) based on the new topology is designed to amplify the stroke of a piezoelectric actuator. The new CMA can convert the motion generated by a PZT actuator with a large amplification ratio (24.4) in a very compact size, and it has a high natural frequency (573 Hz) and no lateral displacement. First, three existing topologies of CMA are analyzed and evaluated, which results in the new topology of CMA. After that, the new CMA is designed with different flexure hinges. The finite element analysis for the CMA shows that the double-beam symmetric five bar structure using the corner-filleted hinges can provide the best performance in terms of the displacement amplification and natural frequencies. The designed CMA is clearly better than the CMA based on the topology of a double symmetric four bar profile. Finally, the design is fine-tuned by examining critical parameters for the proposed CMA in light of a large displacement amplification ratio.
INTRODUCTION
Piezoelectric ceramics (PZT) actuators are well known for their high operating bandwidth and large forces in a very compact size and are typically capable of low-strain and highforce output. PZT actuators are desirable because of their direct conversion of the electric potential to the mechanical work. Typically, PZT actuators are used in situations where high accuracy and fast response of motions are demanded. The disadvantage of PZT actuators is their relatively short motion range (typically ~ 15 -20 µm). This disadvantage can be overcome by having an amplification mechanism that is assembled with PZT actuators. The promising principle for the amplification mechanism is the compliant mechanism [1] . A compliant mechanism is a single-piece flexible structure where the structural deformation is utilized to transmit force or deliver motion due to an input actuation. It works as a transmission that is designed to have the desirable characteristics between the input actuation and the output to the environment. Clearly, when a compliant material receives forces, it behaves such that significant deformations occur around the flexural hinges. The benefit of a compliant mechanism includes: (i) reduced or eliminated backlash and no friction; (ii) smooth and continuous displacement; and (iii) infinite resolution.
The amplification mechanism based on the compliant mechanism is a special type of compliant mechanism with a proper design of topology and geometry. The design goal is to achieve a large amplification ratio that can, however, compromise the generating force or the natural frequency of an amplification mechanism. Nevertheless, reduction of the generating force by an amplification mechanism should not be a serious problem as PZT actuators are able to produce a significant large generating force.
Most of the existing displacement amplification mechanisms [2] [3] [4] [5] [6] [7] [8] [9] [10] are based on the topologies summarized in Ref. [3] . A further review of them will be provided later in this paper. These mechanisms have problems such as the presence of a lateral displacement and/or a low natural frequency. In this paper, a novel compliant displacement amplification mechanism is developed to overcome these problems. Specifically, in this paper, we discuss the following issues: (1) the topology synthesis of mechanical amplifiers, (2) the design of the flexure hinges for CMA, and (3) the fine-tuning of the design parameters.
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The remainder of this paper is organized as follows. In Section 2, the existing topologies for the mechanical amplifiers are discussed along with their applications, and a new topology that is based on the symmetric five bar linkage profile is proposed. In Section 3, the geometry of a compliant mechanism (based on the new topology) is analyzed with a particular attention to different types of flexural hinges. In Section 4, the performance of the CMAs based on different types of flexural hinges is analyzed with a finite element method. In Section 5, the design is further fine-tuned by identifying critical parameters in terms of the displacement amplification and natural frequencies. Section 6 draws some conclusions.
TOPOLOGY

SYNTHESIS OF MECHANICAL AMPLIFIERS
Topology refers to the connectivity among materials without involving the geometry of the materials. Topology of mechanical amplifiers thus contains the fundamental features that are responsible for the characteristics and performances of mechanical amplifiers. A variety of topologies for mechanical amplifiers have been reported in literature. In this section, three known topologies for mechanical amplifiers are presented first, and their drawbacks are discussed. Then, a new topology is proposed.
Topology of a buckling structure
A long slender beam subjected to an axial compressive force will buckle when the force exceeds a critical value [11] . As shown in Fig. 1 , if the slender beam has an axial deformation δ, a transverse deformation D can be produced. Using the buckling principle, a displacement amplifier can be made. Saif and Macdonald [9] used the buckling beam as a mechanical amplifier to measure the forces and spring constant of micro-instruments. Jiang and Mockensturm [12] designed a motion amplifier for obtaining large rotations from small linear displacements based on the concept of buckling beam. The main drawback with the buckling principle is that the driving force must be larger than a critical value to produce the buckling.
Fig. 1 Buckling beam topology for displacement amplification
Topology of a lever structure and a multiple lever structure
The simplest and direct way to increase the displacement of a PZT actuator is the use of a mechanical lever arm; see Fig. 2 . From Fig. 2 one can see that there is a lateral displacement at the end of the lever arm, and the system stiffness is decreased. Such a lateral displacement is undesirable in many applications.
Based on the lever arm principle, the doubled lever structures and multiple lever arm amplification devices were developed and extensively used in applications [2, 3, 8, [13] [14] [15] [16] [17] [18] . Scire and Teague [13] developed a micropositioning stage by applying the two-stage levers which amplified the input of PZT actuator to a 50 µm travel range with a sub-nanometer resolution. Gao et al. [14] followed the same principle and developed an x-y micro-positioning stage utilizing flexure hinges based on the single lever arm topology where the lateral effect was ignored because of the limited motion range of the designed stage. King and Xu [2] studied the design and characteristics of two piezomotors where the lever type flexure-hinged displacement amplification mechanisms were used. Tenzer and Mrad [15] discussed the mechanical amplification in inchworm linear motors where a double lever amplifier was included in the motor frame. Su and Yang [16] analyzed the force amplification ratio of single-and multiply-stage flexure-based micro-level systems that belongs to this topology. Jouaneh and Yang [17] developed the design equations for the flexure-hinge type multiple lever mechanism based on the static analysis of a general configuration. Varma and Dixon [18] designed a mecoscale mobile robot where a double lever compliant amplification device was developed to realize the lift and pull movement of the legs. To increase the stiffness of the mechanical amplifiers, parallel four bar structure can be used; see Fig. 3 . Although the system stiffness is increased compared with the lever arm structure, the lateral displacement problem still exists as shown in Fig. 3 . Ryu and Gweon [19] studied the motion errors induced by manufacturing errors using a parallel four-bar structure. To eliminate the lateral displacement, the double symmetric four-bar structures were proposed [6, 10] . Fig. 4 shows two double symmetric four-bar topologies in which Fig.  4a is used in the case of compression of an actuator, while Fig.  4b is used for the extension of an actuator. Fig. 4b is geared with the PZT actuator characteristics (i.e., the extension deformation). It should be noted that the bridge displacement amplifier discussed in [3] can be viewed as an application of this topology. Pokines and Garica [6] designed a microamplifier with an amplification ratio of 5.48 based on this topology that was fabricated using LIGA. Bharti and Frecher [20] discussed the optimal design of a compliant mechanism amplifier in the application of an inertially stabilized rifle. Lobontiu and Garica [10] formulated an analytical method for displacement and stiffness calculation of planar compliant mechanisms with single-axis flexure hinges. It should be noticed that the compliant mechanism based on the double symmetric four bar topology suffers from a low natural frequency that can limit the frequency band of the control system. Topology of a symmetric five bar structure Inspired by the double symmetric four bar topology, a new topology for displacement amplification is developed based on the symmetric five bar structure. Generally speaking, a five bar linkage is a 2 degrees of freedom mechanism that can provide the x-y plane motion. If the five bar linkage is designed to be symmetrical, and the two driving links rotate simultaneously in the opposite directions driven by one actuator, the output of the mechanism can be in one direction only. This is the principle of the new topology for the displacement amplification. The symmetric five bar topology can also be viewed as a combination of the double symmetric four bar topology and lever arm topology. Therefore, it has the advantages of both of them. The main advantage of this topology, compared with the double symmetric four bar topology, is the high natural frequency and high amplification ratio in a compact size. Also, there is no lateral displacement because of the symmetric structure. In the next section, the design of CMAs based on this new topology is discussed.
(a) (b) 
From Eq. (4), the output displacement can be written as follows:
From Eq. (5), the following conclusions can be obtained. First, the displacement amplification ratio will increase with the decrease of the initial height h. Second, a large displacement amplification ratio can be obtained by using a large input amplification k or a large value of 0 l .
Likewise, for the double symmetric four bar mechanical amplifier shown in Fig. 6b , the output displacement can be derived as shown below:
Considering the small value of δ , compared with 0 l and h , we can show from Eq. (5) and Eq. (6) o o′ > if 2 k > . This means that the amplifier based on the five bar topology has a lager displacement amplification ratio than the amplifier based on the double symmetric four bar topology under the same scheme of structural parameters.
As discussed in section 1, the flexure hinges are used in the CMA to achieve a high positioning accuracy. To construct the CMA discussed in this paper, four profiles of flexure hinges are considered. They are (a) right-circular hinge profile, (b) single corner-filleted hinge profile, (c) double-beam un-symmetric corner-filleted hinge profile, and (d) double-beam symmetric corner-filleted hinge profile. All these profiles are shown in Fig. 8 . Fig. 9a is the single corner-filleted hinge, while Fig. 9b is the double corner-filleted hinge. In the next section, the performances of different types of CMAs are compared so that a best profile can be chosen. The stiffness of the flexure hinges determines the displacement amplification of the CMAs and can be calculated via the formulation given by Paros and Weisbord [21] , and Lobontiu and Paine [22] as follows:
For right circular hinge:
For corner filleted hinge (Both single and double cases):
where From Eq. (7) and (8) one can see that the most significant parameter that affects the stiffness of the flexure hinge is the thickness t of the hinge. Also, the length of the corner filleted hinge has some influence on the stiffness.
Different structures shown in Figs. 6 and 8 (where the same right circular hinges are used to connect the driving links and the base) are analyzed using the ANSYS software with element 82 ( a 2D eight-node plane element type) to model the structures. The FEA was used to analyze the amplification ratio and natural frequencies. In the finite element analysis, the modulus of the elasticity E is set to 
0.5
It should be noted that the thickness of the flexural hinges for the single beam cases is the total thickness of the double beam cases. Figure 11 plots some results of the comparison where payload is not considered. From Fig. 11 , one can see that the double-beam symmetric five bar structure is better than the double symmetric four bar structure in terms of the displacement amplification. The displacement amplification ratio of the double-beam symmetric five bar structure is the largest (15.02 in case 1 and 24.44 in case 2, respectively). The displacement amplification ratio of the single beam circular hinge structure is the smallest (7.82 in case 1 and 14.2 in case 2, respectively). Also, different structural and flexure hinge parameters provide different displacement amplification ratios for the same type of structures. This is because different flexure hinges have different stiffnesses.
The above result may be explained in a more qualitative way. All bendings occur at the center of the circular hinge or at the end of the corner filleted hinge. Therefore, the value of 0 l of the PRBM in Eq. (5) for the circular hinge is smaller than that for the corner filleted hinge. According to Eq. (5), the displacement amplification ratio of the circular hinge structure that has the smallest value of 0 l is the smallest in all five structures. Also, the large stiffness of the circular hinge made the deformation of the complaint mechanism more difficult than the small stiffness of the corner filleted flexural hinge. From Eq. (8), for all the corner filleted hinge structures, the structure with a large thickness of the hinge has a large stiffness that lets the bending to occur more difficultly. That is the reason why the single beam structure with the corner filleted hinge obtains a smaller displacement amplification ratio than the double-beam structure. 
Fig. 11 Comparison of different structures for the displacement amplification without payload
The performance of the CMAs was also examined when a payload was presented. In this case, two types of payloads with different stiffnesses (20 N/mm and 100 N/mm, respectively) were applied to the CMAs shown in Fig. 11 . The results are plotted in Fig. 12 (only for case 2) . From this figure, one can see that the double-beam symmetric five bar structure still obtains the biggest displacement amplification. Comparing Fig. 12 with Fig.11 , one can see that the displacement amplification ratios are decreased for all the five structures as the increase of the payload. Also, the displacement amplification ratio of the double symmetric four bar structure is lightly larger than that of the single beam five bar structure in the condition of free payload, but the opposite result is obtained when the payloads are applied. This means that the double symmetric four bar structure has a low stiffness comparing with other structures. The dynamic behavior of the CMA is responsible for the accuracy of the CMA. In this case, the natural frequency of the CMA was examined. Table 1 lists the first three modes of the natural frequencies obtained from the FEA dynamic modal analysis. The first natural frequency of the double-beam symmetric five bar structure is about 573 Hz that is much larger than that of the double symmetric four bar structure (about 150 Hz). From this table one can see that the new CMA has the best dynamic behavior among all the structures. Comparing the two cases (case 1: a rigid situation; case 2: a flexible situation), it is shown that the increase of the stiffness of the flexure hinges increases the natural frequency of the system, and the large displacement amplification ratio will result in a small natural frequency. Also, one can see that the natural frequency of the first mode of the new CMA is about 2.8 times that of the double symmetric four bar CMA in case 1 and 3.8 times in case 2. From these comparisons, one can see that the new CMA has a better dynamic behavior. From the above discussion, one can see that different parameters would result in different a displacement amplification ratio even for the same structure. The next section presents a study toward the fine-tuning of the parameters of flexure hinges.
FINE-TUNING OF THE DESIGN PARAMETERS
The task of fine-tuning is to vary these parameters around the reference values in certain ranges. In the following discussion, the reference values of the parameters of the new CMA are as follows:
The Different types of flexure hinges on the base Different types of the flexure hinge on the base for the new CMA are examined to determine a best flexure hinge connecting the driving links and the base. The flexure hinge parameters listed above are used in the FEA, and the displacement amplification results using three types of flexure hinges on the base discussed in Section 3 are listed in Fig. 13 . From Fig. 13 , one can see that the structure using the right circular hinge gets the best displacement amplification, although there is no significant difference in the displacement amplification between the right circular hinge and the corner filleted hinge. This result can be qualitatively elaborated as follows. The two flexure hinges have different bending centers when the PZT force is acted on the driving beam. Typically, the bending center of the circular hinge is on the center of the hinge while the bending center of the corner filleted hinge is on the bottom of the hinge. This means that the right circular hinge has smaller 1 l and 2 l than the corner filleted hinge.
Therefore, a larger input amplification ratio k in Eq. (5) presents for the circular hinge. The structure using the double corner filleted hinge is the worst one in terms of the displacement amplification. The reason for this is as follows. The double corner filleted hinges on the base can be viewed as a parallel four bar linkage. There is only a translation of the driving beam associated with the hinge on the base. The input displacement of the PZT can not be amplified by the double corner filleted hinge because the input point is out of the parallel four bar linkage.
Parameters analysis for the new CMA with the right circular hinge one the base As mentioned before, the right circular hinge on the base for the double-beam symmetric five bar structure can obtain the best displacement amplification. Therefore, the following analyses only focus on that type of structure.
Insignificant parameters
First of all, the thickness of the flexure hinge used to transfer the linear movement of the PZT to the rotation of the lever arm is examined. The FEA results show that the variation of i t has little influence on the displacement amplification as listed in Table 2 . A similar conclusion is obtained for the variation of the thickness of the flexure hinge on the base and the result is listed in Table 3 .
From Tables 2 and 3 , one can see that as the increase of the thickness of the flexure hinge either on the PZT side or on the base, the block forces increase slightly. This is because using a large thickness will increase the stiffness of the flexure hinge.
Also, the variation of d , the gap of the two beams on the output side, has insignificant influence on the system behaviour, including the displacement amplification and the block force. The result is listed in Table 4 .
It should be noted that the value d must be greater than zero even it has little influence on the displacement amplification. If d sets to zero, the two beams will combine together to form a single beam. FEA demonstrates that the displacement amplification will decrease dramatically in such a situation. 
Significant parameters
In the design process, three parameters were identified that have significant effects on the displacement amplification. They are the height h of the initial position, the thickness t of the corner filleted hinge, and the length l of the corner filleted hinge. Fig. 14 shows the comparative results under different heights h of the initial position. From Fig. 14 , one can see that the displacement amplification increases significantly while the block force decreases dramatically with the decrease of the height h. Such a conclusion can also be obtained from Eq. (5). A similar conclusion was obtained for the double symmetric four bar CMA as shown in reference [23] . The thickness and length of the corner filleted hinge also have influences on the displacement amplification as both of them affect the stiffness of the flexure hinge according to Eq. (8), but the effect of the thickness is more significant than that of the length as shown in Figure 15 . It is obvious that a less stiff mechanism will be likely to produce larger displacement amplification. Therefore, a smaller thickness of the flexure hinge will provide lager displacement amplification. It also means that the thickness of the hinge has much more contribution to displacement amplification than the length of the hinge. Table 6 lists the first three natural frequencies under different thicknesses of the corner filleted hinge. From this table one can see that the natural frequencies are increased with the increase of the thickness of the corner filleted hinge. This means the larger the stiffness of the flexure hinge, the higher the natural frequency. It should be pointed out that there are only slight changes of the natural frequencies with the variation of the length of the corner filleted hinge. 
CONCLUSIONS
In this paper, a new topology for the displacement amplification mechanism is proposed. The new topology is a symmetric five bar structure. A compliant mechanical amplifier based on the new topology is designed. A finite element analysis software (ANSYS) was used to predict the displacement amplification ratio and dynamic behaviors of different compliant mechanical amplifiers. The analysis result shows that the double-beam symmetric five bar structure (i.e., the new topology) is much better than the double symmetric four bar structure in terms of the displacement amplification and the natural frequency. Furthermore, it has been found that three parameters, the height of the initial position, the thickness, and the length of corner filleted hinge, have significant influences on the displacement amplification. The first two parameters, the height of the initial position and the thickness of the corner filleted hinge, have significant influences on the natural frequency. Other parameters, such as the thickness of the circular hinges, the gap of the two beams, have insignificant influences on the displacement amplification and the natural frequency. A further research is directed to the optimization of the parameters in terms of displacement amplification and stiffness of the system.
